Extract of Withania coagulans fruit was evaluated for milk clotting activity. The highest enzyme activities were detected at pH 4 and 65°C. A 50 mM CaCl 2 was considered sufficient to decrease the milk clotting activity to an effective level. Rennet coagulation time was steadily increased with increasing NaCl and decreasing enzyme concentrations. The enzymatic activity of extract was completely inhibited by pepstatin-A, an aspartic protease inhibitor. Proteomic and zymographic analysis discovered an aspartic protease with Mw of about 35 KDa and pI of 5.91. Our data demonstrated that use of this plant in traditional cheese making has the scientific bases due to existence of an effective protease.
Introduction
Milk coagulation that induced by rennin (chymosin) as proteolytic enzyme is a basic step in cheese manufacturing. Over the past decades, much effort has been spent to find appropriate coagulant substitutes due to limited availability of proper stomachs as the main traditional source of rennin and also increase in price of rennin and cheese production. Although, some milk-clotting sources such as fungi [1, 2] and bacteria [3] [4] [5] have been studied, most of them produced unwanted final products. Attentions have been focused on the production of milk-clotting enzymes (MCEs) from plant sources as rennin substitutes and these researches for new potential plant proteases still continues.
Several plant preparations showed a milk-clotting activity (MCA). [6] [7] [8] [9] [10] [11] [12] Withania coagulans Dunal (Family: Solanaceae) is known as an Indian cheese maker and commercially important due to milk coagulation by its fruits. [13] [14] [15] [16] [17] This plant is a rigid, gray, under-shrub plant with a height of 60-120 cm that grows in the drier parts of Pakistan, Afghanistan, and India, as well as in Southern Iran. Different parts of W. coagulans showed several biological activities. [18, 19] However, the MCA is mostly attributed to the fruit pulp and husk and is due to the presence of an enzyme in its fruits which called plant rennin. [20, 21] This work was undertaken to elucidate the properties of W. coagulans fruit extracts in order to use it in cheese making as an alternative to rennet. Also, isolation, partial purification and characterization of a milk-clotting protease from this traditional cheese maker plant were the other aims which addressed in this study for the first time.
RCT was determined at 37°C, at different pH values using the 50 mM buffer solutions in acidic (sodium citrate, pH 4 and 5), neutral (sodium phosphate, pH 6, 6.5, and 7.0), and basic (Tris/HCl, pH 8.0 and 9.0) pH ranges. To determine the effect of enzyme concentration, the crude extract was added in the range of 0.82, 0.98, 1.23, 1.64, and 2.47 mg/mL of reconstituted (10% w/v) skim milk powder (pH 6.5) and incubated at 37°C until milk coagulation occurred. The optimum temperature for RCT was determined by incubating the reaction mixture containing skim milk 10% in deionized water with 10 mM CaCl 2 at different temperatures ranging from 35 to 70°C with 5°C intervals. This assay was performed at the pH that determined as optimum. The effects of CaCl 2 and NaCl concentrations on RCT were determined using increasing concentrations of the CaCl 2 solution (3, 7, 15, 30, 50, or 80 mM) and NaCl solution (0, 30, 50, or 100 mM).
Effects of milk properties and AS fractionation on RCT
The effects of milk temperature at 35, 40, 45, 50, 55, 60, 65 , and 70°C in constant pH 6.5, and the effects of milk pH at 5, 5.5, 6, 6.5, and 7 in constant temperature 37°C on RCT were investigated. AS fractionation was performed by earlier researchers as it was reported previously. [23] Briefly, 50 mg AS was added to 1 mL of fruit extract to give a saturation concentration of 20% and incubated on ice for 30 min. This step was repeated several times to obtain a 90% saturation at every additional 10% of AS. Precipitates were collected by centrifugation (15,000 × g, 10 min, 4°C) and suspended in 600 µL of 50 mM citrate, pH 4. The RCT of each fraction was determined according to the previously mentioned procedure.
Effect of protease inhibitors on proteolytic activity
Total and fractional proteolytic activities were assessed by using the spectrophotometric method based on azocasein. [22] Briefly, 20 μL of the enzymatic extracts were added to 500 µL of 1.5% azocasein in 50 mM Tris-HCl buffer, pH 7.5 at 25°C. The reaction was stopped after 15 min by the addition of 500 µL of 20% trichloroacetic acid (TCA) and centrifugation (6500 × g, 6 min, 4°C). The supernatant was removed and its absorbance at 340 nm was assessed. One unit of total proteolytic activity (U) was ΔA340 nm per min per milliliter of extract. The assay included an appropriate blank, in which TCA was added before the substrate. Different specific protease inhibitors including serine protease inhibitor (phenylmethane sulfonyl fluoride (PMSF), 1 mM), metalloprotease inhibitor (Ethylenediaminetetraacetic acid (EDTA), 10 mM), aspartic protease inhibitor (pepstatin-A, 0.08 mM), and cysteine protease inhibitor (E-64, 0.01 mM) were added to the 200 µL of enzymatic extract. Samples were incubated at 37°C for 30 min and residual milk-clotting and proteolytic activities were determined and compared to the control, which was incubated without the inhibitors and corresponds to 100% of activity. [24] TCA-acetone precipitation Tris-HCl extraction was performed according to the Zukas and Breksa method. [25] Briefly, 500 mg of grounded fruits were suspended in 2.5 mL of 50 mM Tris-HCl buffer, pH 8.8, and homogenized on ice. The homogenate was incubated with gentle shaking at 4°C for 24 h, then was centrifuged (28,000 × g, 30 min, 4°C) and the pellet discarded. Three volumes of cold TCA (10%, w/v, -20°C) in acetone were added to the supernatant, and after overnight incubation at -20°C, the precipitate was collected by centrifugation (16,000 × g, 10 min, 4°C). The pellet was suspended in 1 mL of cold 10% TCA in acetone and sonicated for 1 min on ice. The suspension was centrifuged (16,000 × g, 10 min, 4°C) and the supernatant discarded. After two more rinses with cold 10% TCA in acetone and one with acetone, the resulting pellet was air-dried at room temperature.
Partial purification of milk-clotting protease
AS fractionation was done as described previously for preparing 35, 55, and 80% saturation concentration. For desalting and protein concentration, AS precipitates from 30 mL of each extract were dissolved in 1 mL of the dense SDS buffer consisting of 500 mM Tris-HCl, pH 8.3, 30% sucrose, 1% SDS, 1% 2-mercaptoethanol, plus 0.0001% bromophenol blue. Two parts of protein solution and one part of Tris-buffered phenol, pH 8.8, were mixed well. The mixture was centrifuged (10,000 × g, 5 min, 4°C) and then the upper phenol phase was precipitated with five volumes of 100 mM ammonium acetate in methanol at -20ºC for 20 min. Protein pellets recovered by centrifugation (15,000 × g, 10 min, 4°C) were truly washed with cold methanol and acetone and used for RCT assay.
PAGE
Desalted fractions were analyzed by SDS-PAGE in the presence of 2-mercaptoethanol using 12% polyacrylamide gel. [26] Protein content was determined according to Bradford [27] using the Bio-Rad reagent in the microassay mode and bovine serum albumin as a standard. The running gel was a 12 gr/dl polyacrylamide gel in 1.5 M Tris-HCl buffer, pH 8.8, and 10 g/l SDS. The stacking gel contained 3 g/l acrylamide in 500 mM Tris-HCl (pH 6.8) and 5 g/l SDS. Desalted fractions were added to the loading buffer to give a final concentration of 1 mg/mL protein. The migration buffer comprised 25 mM Tris-HCl, 186 mM glycine, and 0.1% SDS, pH 8.3. Electrophoresis was performed at constant 150 V, and the gel was stained by CBB R-250.
Two-dimensional electrophoresis
After AS fractionation and desalting of the fruit extracts, proteins were well-resolved by 2-DE. In the first dimension, protein samples were dissolved by in-gel rehydration at 20°C in 170 μL of a solution containing 7 M urea, 2 M thiourea, 4% w/v CHAPS, 50 mM Dithiothreitol (DTT), 0.5% v/v carrier ampholytes, and 1% w/v bromophenol blue for 7 cm length IPG strips in the linear pH range 3-10 (Bio-Rad, USA). Strips were rehydrated under passive conditions at 20°C for 14-16 h in the protein isoelectric focusing (IEF) cell (Bio-Rad, USA). The focusing was carried out in three steps 250 V for 30 min, followed by a linear voltage ramping step for 2 h at 4000 V. At the final focusing step, the maximum voltage of the ramp step was maintained at up to 20,000 Vh. Ready strips were then stored at -70°C until second dimension processing. Before, the second dimension separation, ready strips were equilibrated in 15 mL of equilibration buffer contain 0.5 M Tris-HCl pH 8.8, 6 M urea, 30% w/ v glycerol, 10% w/v SDS, and 2.5% DTT for 15 min and then for 20 min in the same buffer containing 2% iodoacetamide instead of DTT. SDS-PAGE was performed at 50 V for 15 min followed by approximately 45 min at 170 V using 12% acrylamide gels at 4°C. Resolved proteins were detected by staining with CBB R-250 and modified silver nitrate staining. The proteins of interest were excised from the 2D gels and allowed to dry at 4°C in an air shed. Peptides were analyzed using a Matrix-assisted laser desorption/ionization-time of flight/time offlight-mass spectroscopy (MALDI-TOF/TOF-MS) in reflection mode with delayed extraction. [28] [29] [30] 
Caseinolytic activity
Hydrolyze of caseins was performed according to the method described previously [9] with some modifications. Briefly, commercial bovine α S -, β-, and κ-casein were dissolved as 2 mg/mL in 100 mM potassium phosphate buffer pH 7.5 and incubated independently with crude extract, AS fractions of fruits and commercial clotting rennin at 30ºC. After 60 min, aliquots were taken and the reaction stopped by adding equal volumes of sample loading buffer (500 mM Tris-HCl pH 6.8, 100% glycerol, 10% SDS, 10% bromophenol blue, and 14.4 M 2-mercaptoethanol) and heated at 100ºC for 5 min. Samples were analyzed by SDS-PAGE and proteins were stained with CBB R-250.
Fruit extract zymography
Electrophoresis was performed and gels (1.5 mm thick) for non-reducing SDS-PAGE in the Laemmli discontinuous gel buffer system were prepared by incorporating appropriate volumes of a 1% (w/v) stock solution of substrate protein, gelatin, into the acrylamide solution (the final gelatin concentration in the gel is 1 mg/mL). The stacking and running gels were 4 and 10%, respectively, and protein samples are not treated with 2-mercaptoethanol or boiling before electrophoresis. PAGE was carried out at room temperature and 150 V. After electrophoresis, the gels were washed for 30 min in 100 mL renaturation buffer (2.5% Triton X-100 in 50 mM Tris-HCl, pH 7.4) with gentle shaking to remove the SDS and then for 30 min with the 100 mL of desired developing buffer (containing 30 Mm Tris-HCl, pH 7.4, 200 mM NaCl, 10 mM CaCl 2 and 0.02% Brij-35). The gels were then incubated with gentle shaking in the buffer at 37°C for 4 h, followed by staining with CBB R-250 and were discolored until clear bands indicating proteolytic activity became visible.
Statistical analysis
All assays were done triplicate and the results of the three replicates were pooled and expressed as mean and standard deviation (SD). Kruskal-Wallis test and Mann-Whitney-K tests were used for between groups comparison in all quantitative variables and carried out using SPSS version 20 (Chicago, USA) for Windows. Significance difference was accepted at p-value lower than 0.05.
Results and discussion

Coagulation assessments under different conditions
The effects of the pH and temperature of fruit extracts on RCT were shown in Table 1 . A minimum RCT was observed at pH of 4 with increasing time in the higher studied pH range 5-9. These data demonstrate that the enzymatic activity of W. coagulans decreases with increasing pH value. Therefore, extraction at pH 4 was used for rennin preparation in this study. In further analysis, we found that the main protease in the fruit extracts of W. coagulans is aspartic protease, and the pH optimum of aspartic protease from W. coagulans was detected at 4 which is similar to that of other aspartic proteases. [31] This indicated that this enzyme is an acid aspartic protease. Table 1 shows that minimum RCT were at 40 and 45°C. Gradually increasing in RCT was seen until 65°C and then a decrease about 70% in activity occurred in 70°C. Therefore, the optimum temperature for the lowest RCT was found to be 40-45°C. Even at higher temperatures (70°C) the enzyme exhibited about 30% of its original activity indicating the thermal stability of the enzyme. The effect of temperature on the RCT was determined after incubating the enzymatic extracts for a reference time of 30 min. The effects of temperature and pH on the crude enzymatic extract of Ficus racemose [32] and Cynara scolymus [9] were studied. F. racemosa extract enzymes exhibited a broad spectrum of pH optima between pH 4.5-6.5 and showed maximum activity at 60 ± 0.5°C. Chazarra et al. [9] by using C. scolymus extracts showed that between 20-60°C, the RCT decreased as temperature increased. They also reported that maximum activity of extract was observed at pH of around 4, with no significant difference in the studied pH range of 3-7. [9] RCT is dependent on the concentration of enzyme and decreasing with increasing enzyme concentration. [9] We used the model for milk clotting that correlated clotting time with enzyme concentration proposed by Payens et al. [33] Table 1 showed the negative linear correlation between the enzyme concentration and RCT. Our finding is in agreement with those found by Bringe and Kinsella, [34] which reported that the time taken for clotting milk decreased with increase of enzyme concentration, but the formation and firmness of the gel did not alter. Table 1 showed that the RCT of extract was increased hyperbolically with increasing concentrations of NaCl and decreased hyperbolically with increasing concentration of CaCl 2 . Our results demonstrated that adding of NaCl up to 30 mM couldn't effect on RCT, but RCT was increased in higher concentration. Other researchers reported that the addition of NaCl to milk leads to an increase in calcium and phosphorus concentrations of the ultrafiltrates [35, 36] and increased RCT linearly with NaCl increase. This increasing in RCT is due to a decrease in the enzymatic first-order rate constant, k enz . [35] Similar observation was reported by Chazarra et al. [9] that used NaCl as concentrations of 34, 51, or 102 mM. Table 1 shows that CaCl 2 in concentrations between 30-80 mM could efficiently decreased RCT. The addition of divalent cations such as calcium induces important modifications in the salt distribution between aqueous and micellar phases and about 80% of this ion was associated to casein micelles. Therefore, RCT can affect sufficiently. [35] Our finding is similar to those found by Chazarra et al. [9] that reported a concentration 50 mM of CaCl 2 was considered sufficient to increase the rennet strength (RS) to an effective level. Other researchers have reported that the addition of CaCl 2 to the milk in the concentration range of 0-10 mM increases the overall enzymatic coagulation rate. [37] [38] [39] The effects of milk pH on RCT are showed in Table 2 . An increase in the pH of the milk was accompanied by an increasing of the RCT, and at pH 7, approximately 88% of the enzyme activity was lost. Chazarra et al. [9] and Hashem [40] also observed that an increase in the pH of the reaction mixture was associated with a gradual loss of MCA, that equal to increasing of RCT. Decreasing in activity at pH 7 found by Chazarra et al was about 87% but Hashem reported that the MCEs of Penicillium oxalicum still possessed 38% of its original activity at pH 7. [9, 40] Table 1 showed a progressive reduction in RCT as temperature increased from 35 to 45°C; however, at high temperatures, up to 65°C, the coagulation process slowed down. After that, due to protein denaturation and insolubility, RCT was increased. It is well-known that temperature affects both the primary (enzymatic hydrolyze) and secondary (aggregation reaction) phase of milk coagulation. [40] Some researchers reported that increasing the temperature from 26 to 40°C reduces the gelation time [37, 39] but another author represented this range between 20-60°C. [27] The optimum temperature and pH for enzyme activity of extracted protease from W. coagulans fruit in recently published study were 70°C and 4, respectively. The extracted protease also exhibited an excellent thermal stability at 60°C for 30 min. [20] Enzyme identification AS fractionation is often used in protein and enzyme purification and here we used a phenol-based method reported by Wang et al. [23] for quick desalting and concentrating proteins after AS fractionation. This method is quick and does not need much technique. The effect of the different AS fractions on RCT and proteolytic activity of each fraction were shown in Table 3 . Only the fractions which precipitated with 30-50% AS could decrease the RCT. These results indicated that AS fractions in the range of 30-50% had the highest proteolytic activity and lowest RCT. The W. coagulans fruit extract showed a protein content of 2.47 mg/mL and a proteolytic specific activity of 1.06 U/mg. In the range of 30-50% saturation, MCA of partial purified extract was higher than proteolytic activity and this index can be used to justify the adequacy of enzymatic extract to be used as calf rennet substitute. [40] As demonstrated in Table 4 , EDTA, PMSF and E-64 showed low effects on the enzyme activity at high concentrations, while pepstatin A, a specific inhibitor of aspartic proteases, showed to completely inhibit the proteolytic activity. These inhibition indicate that the proteolytic activity is mainly due to the presence of aspartic proteases. However, for metalloproteases it was also found a quite low level of inhibition (7%). The other classes of proteases (such as serine and cysteine proteases) seem to be much less active in the fruits of W. coagulans.
Casein hydrolysis comparison between rennin with fruit and leaves extracts is shown in Fig. 1a . As demonstrated, casein was hydrolyzed completely by rennin and approximately complete by the fruit extract, but no hydrolysis effects were seen for leaves extract. Also, as demonstrated, the pattern of hydrolysis was different between renin and fruit extract indicating that the respected protease in the fruit extract's hydrolysis the peptide bonds in different site rather than renin. It had been reported that proteases had different levels in different parts of the plants. Some researchers suggested that fruits or seed had the highest amounts of proteases; [20, 41] however, others reported this properties for the other parts of the plants. [42, 43] In addition, casein hydrolysis by rennin, leaves extract and AS fractions in the range of 10-50% saturation are shown in Fig. 1b and 1c . Although rennin could partially hydrolyze casein, the leaf extracts and all AS fractions could not hydrolyze casein. This means that leaf extract, as raw and partially purified, did not have the appropriate proteolytic activity and the fruit showed higher milk clotting activity than the leaves. Therefore, all other complementary assessments were performed on the fruit extracts.
Hydrolysis effects of rennin, fruit extracts and its AS fractions on the each type of commercial bovine caseins included α S -, β-, and κ-caseins were performed. Rennin could cause complete hydrolysis of α S -casien; however, the pattern of hydrolysis was different from fruit extracts and its AS fractions. Fruit extract and 10, 20, and 50% AS fractions could hydrolyzed the α S -casien completely, 60% AS fractions had partially hydrolysis and 70% showed no α s -casein hydrolysis effect. Also, the patterns of α s -casien hydrolysis between AS fractions were different which confirmed of the existence of different proteases ( Fig. 1d and 1e ). Renin, fruit extract, and both 10 and 20% AS fractions of fruit extract could hydrolyzed with the β-casein completely with similar pattern of hydrolysis ( Fig. 1f ). Finally, by using κ-casein, it had been demonstrated that fruit extract and all 10-50% AS fractions could hydrolyze this type of casein completely by a different pattern of hydrolysis against renin. The pattern of hydrolysis between fruit extract and its AS fraction also were different ( Fig. 1g and 1h ). These results provided evidence of rennin-like activity associated with fruit extract and it's AS fractions of W. coagulans which may serve as a promising source of vegetable milk coagulant. In another part of this study, two-dimensional electrophoresis plus zymography were performed for evaluating and identification of the respected protease. As demonstrated in Fig. 2 , and according to the previously mentioned experiments, spots in the Mw of 27-35KDa could be the potential responsible of milk coagulation in A: 30%, B: 40%, and C: 50% AS fractions of fruit extracts. Four spots from all AS fractions of fruit extract with Mw of about 35 KDa (quadrangle area in 50% AS fraction) were extracted from the gel and analyzed by MALDI-TOF/TOF.
Our results demonstrated that these proteins had similar sequences with aspartate proteinase of Vigna unguiculata (cowpea) with Mw of 55365 Da and pI of 5.91. Also, gelatin zymographic evaluation showed high proteinase activity in only the 55% AS fraction of fruit extract of W. coagulans (Fig. 3 ). There are neither previous reports about the effects of fruit extract and its AS fractions of W. coagulans on caseins hydrolysis, nor protease identification by 2-DE and zymography. In a recent study conducted by Beigomi et al., a protease from W. coagulans fruits was evaluated for milk-clotting properties. AS fractionation showed that the 40-50% fraction possessed the highest MCA and showed an Mw band of 66 kDa by SDS-PAGE. Although, their study demonstrated that W. coagulans fruits have potential for use as a rennet substitute, but the nature of respected protease(s) was not identified. [20] Other studies also reported that the extract of this plant can be used in cheese making, [15] [16] [17] but further investigation about the nature of the related enzymes were not performed. Aspartic proteases with MCA have been reported from C. scolymus L., [44] Silybum marianum L. Gaertn., [11] Onopordum turcicum, [45] rice kernels, [46] Centaurea calcitrapa, [47] and Cynara cardunculus. [48] As the first preliminary study, we identified that W. coagulans had an aspartic protease (Mw and pI about 35 KDa and 5.9) which had similar sequences and pI to that extracted from cowpea [49] as seen in National Center for Biotechnology Information (NCBI) database.
Conclusion
In this study it is shown that the extracts obtained from the fruits of W. coagulans contain proteolytic and MCA. On the basis of the results that obtained from inhibition assay, the presence of aspartic proteases and with lower degree metalloproteases were confirmed. The moderate clotting activity with high temperature resistance found in the extracts of the fruits of W. coagulans could be useful in the dairy industry for milk clotting, as an in alternative or in addition to calf rennet. However, understanding the influence of the W. coagulans extract specificity on casein degradation need future studies. However, our study suffered from two limitations; first, lack of any other purification methods, such as chromatography; and second, low detection sensitivity of CBBR-250 staining which used in 1-and 2-DE. Therefore, performing of similar studies which resolving these limitations and also evaluate the kinetic parameters of this enzyme by measured the kinetics of hydrolysis of κ-casein under different conditions are highly recommended.
